The interpretation of scanning tunneling spectroscopy (STS) and scanning tunneling microscopy measurements of epitaxial graphene on lattice-mismatched substrates is a challenging problem, because of the spatial modulation in the electronic structure imposed by the formation of a moiré pattern. Here we describe the electronic structure of graphene adsorbed on Ru(0001) by means of density functional theory calculations that include van der Waals interactions and are performed on a large 11 × 11 unit cell to account for the observed moiré patterns. Our results show the existence of localized electronic states in the high and low areas of the moiré at energies close to and well above the Fermi level, respectively. Localization is due to the spatial modulation of the graphene-Ru(0001) interaction and is at the origin of the various peaks observed in STS spectra.
The interpretation of scanning tunneling spectroscopy (STS) and scanning tunneling microscopy measurements of epitaxial graphene on lattice-mismatched substrates is a challenging problem, because of the spatial modulation in the electronic structure imposed by the formation of a moiré pattern. Here we describe the electronic structure of graphene adsorbed on Ru(0001) by means of density functional theory calculations that include van der Waals interactions and are performed on a large 11 × 11 unit cell to account for the observed moiré patterns. Our results show the existence of localized electronic states in the high and low areas of the moiré at energies close to and well above the Fermi level, respectively. Localization is due to the spatial modulation of the graphene-Ru(0001) interaction and is at the origin of the various peaks observed in STS spectra. Spatially resolved scanning tunneling spectroscopy (STS) is widely used to characterize the electronic structure of complex adsorbates on surfaces [1] [2] [3] [4] and, in particular, of graphene adsorbed on semiconductor [5] [6] [7] [8] [9] and metal [10] [11] [12] [13] [14] [15] [16] [17] substrates. The interest for the latter is twofold. From a fundamental point of view, the details of the graphene-substrate interaction are important to understand the physics of graphite intercalated with metallic atoms. 18 From a more applied perspective, the recent demonstration of large-scale production of graphene sheets of ∼1 inch size by using copper as a substrate 19 could be important for industrial applications or to understand the physics of the graphene-metal interfaces present in the contacts of hypothetical graphene devices. 20 Recent experimental work has shown that, when the graphene-substrate interaction is weak (i.e., it is almost exclusively due to van der Waals dispersions forces) as in graphene/Ir(111), 21, 22 the graphene layer remains almost flat and its electronic structure is almost unaltered. In contrast, when covalent bonds mediate the graphene-substrate interaction, as in graphene/Ru(0001) (G/Ru for short), a highly corrugated moiré pattern is formed as a result of the mismatch between the graphene and substrate lattice constants. [23] [24] [25] Although van der Waals forces tend to compensate the consequences of this mismatch, recent density functional theory calculations including dispersion forces (DFT-D2) still predict a corrugation of ∼1.2Å. 25 Therefore, the corresponding electronic bands are expected to be significantly distorted with respect to those of flat graphene, as illustrated by the highly structured profiles of recently measured STS dI (dZ)/dV spectra. [14] [15] [16] 26 As a consequence of the important distortions with respect to flat graphene, interpretation of STM and STS spectra measured on G/Ru is a formidable challenge. An example of this is the measurement of the apparent corrugation of the moiré pattern as a function of the bias voltage in the scanning tunneling microscopy (STM) images. 27 In an attempt to measure spatially resolved dI/dV spectra around the Fermi level, an asymmetry of the local density of states (LDOS) in the high and low areas of the moiré pattern was found. 10 In addition to this asymmetry, pronounced peaks in the dI/dV spectra around the Fermi level have been observed. 10, 11, 16, 28 This was interpreted as resulting from the shift of the graphene's Dirac point induced by electron doping from the Ru substrate, 10 which favors the high areas of the moiré (see also Refs. 16 and 29) . More recently, Gyamfi and co-workers 15 have obtained dI/dV spectra with even sharper features. In contrast with previous work, these authors attribute the pronounced peak appearing in the STS spectra near the Fermi level at low negative bias voltages to a d-like Ru bulk state. So far, to the best of our knowledge, no interpretation based on first-principles calculations has been proposed to explain the shape and intensity of the spectral features observed in the dI/dV data.
Another controversial issue is the interpretation of the STS data measured on G/Ru at high positive bias voltage. In this case, and to the best of our knowledge, all the experimental data published so far are identical, but contradictory arguments have been used to explain the structures observed in the STS spectra at high positive voltage. 14, 26, 30, 31 Based on a simple theoretical model that makes use of 1 × 1 flat graphene, Borca et al. 31 have conjectured that the STS peak observed at +3 eV in the low areas of the moiré is due to an interface state. However, Zhang et al. 30 have assigned this peak to the lowest field emission resonance (FER). The former authors have also claimed that the interface state is responsible for the inversion of contrast observed in STM images above +2.6 eV, 27 but there is no proof that this is indeed the case.
In this Rapid Communication we show that a realistic theoretical description of the electronic structure of G/Ru reproduces the main features observed in STS dI (dZ)/dV spectra. We find that these features are due to electron localization in (i) states of the high areas of the moiré close to the Fermi level and (ii) unoccupied states of the low areas lying well above the Fermi level.
All calculations have been performed in the framework of DFT-D2 theory, which includes van der Waals interactions as described in Ref. 32 . To model the G/Ru system, we have used a symmetric slab with five 10 × 10 Ru layers and two 11 × 11 graphene monolayers (see Fig. 1 ). The symmetric slab has been built by adding the mirror replica of the DFT-D2 optimized geometry obtained in Ref. 25 for a nonsymmetric slab with one 11 × 11 graphene monolayer lying on three 10×10 Ru layers (mirror placed at the topmost-2 Ru layer). The symmetry of the slab prevents spurious effects in the electronic density due to unphysical dipole contributions. By increasing the number of Ru layers to five, one can also expect a correct description of electronic states localized near the surface (see the Supplemental Material for the study of convergence with the number of Ru layers 33 ). The electronic structure calculations have been performed with the VASP code, 34 by using the Perdew-Burke-Ernzerhof (PBE) 35 generalized gradient approximation (GGA) functional to describe the exchange-correlation energy. The projector augmented-wave (PAW) method 36 has been used to describe the ionic cores. The cutoff kinetic energy for the plane-wave expansion has been set to 400 eV, and the Brillouin zone has been sampled at the point, using a Gaussian smearing of 0.1 eV. In order to avoid artifacts caused by the use of periodic boundary conditions in the direction perpendicular to the slab, a 20-Å vacuum layer has been placed between the slabs. STM simulated topographies and local density of states (LDOS) over selected areas of G/Ru have been computed by using the Tersoff-Hamann approximation. 37 The LDOS have been calculated as the average over a 30 × 30 LDOS grid on a 1 × 1 Ru(0001) unit-cell area, and the resulting spectra have been convoluted using a Gaussian function of 0.1-eV width, consistently with the thermal broadening of the electronic states used in the electronic structure calculations.
The experiments have been carried out in an ultrahigh vacuum (UHV) chamber with a base pressure of 4 × 10
Torr that contains a low-temperature STM and a rear-view low-energy electron diffraction (LEED) optics. The Ru(0001) crystal was cleaned by cycles of Ar + sputtering and annealing, followed by oxygen exposure and heating to high temperature. 38 The graphene layers were produced by thermal decomposition at 1200 K of ethylene molecules on the sample surface. The W tips were cleaned by ion bombardment and annealing in UHV to ensure a flat density of states at the tip apex. 39 The dI/dV curves were obtained by numerical differentiation of the I (V ) curves. For the I (V ) curves measured at high positive bias voltage we calculate instead the normalized differential tunneling conductance [(dI/dV )/(I/V )] in order to reduce the exponential background and therefore improving the resolution. 40 STS measurements [see Fig. 2(a) , top panels] at low temperature (77 K) show that, close to the Fermi level, the spectra vary considerably with the position of the tip over the different regions of the graphene moiré: Spectra recorded over the high (H) regions show a well-defined series of peaks both at negative and positive bias voltages, while these structures are much less pronounced for spectra over the low (L) regions. In order to understand the origin of these features, we have computed the LDOS at different distances d from the Ru surface (d = 0Å set at the Ru topmost layer). LDOS computed at d = 7.43Å are shown in Fig. 2(a) (bottom panels) . The choice of this value of d is compatible with the typical tip-surface distances in STS experiments. 41 We have checked that calculated LDOS remain qualitatively the same in the range At the H area of the moiré structure, where the coupling between the graphene monolayer and the metal substrate is weak, the LDOS shows two peaks at E − E F = −0.35 eV and E − E F = +0.45 eV.
At the L area [hcp/top site of the graphene moiré over Ru(0001)], the LDOS shows two small peaks at E − E F = −0.4 eV and E − E F = +0.35 eV [see Fig. 2(a) , bottom lefthand panel]. Similar results have been obtained for the fcc/top site at the L area. These LDOS profiles qualitatively agree with those observed in the STS spectra. Nevertheless, at negative bias voltage, the measurements suggest the existence of two peaks instead of one at both the L and H areas. We will further elaborate on this particular issue below.
In order to get some insight on the origin of the observed peaks, we have integrated the density of states (DOS) in different energy ranges. Figure 2(b) shows two-dimensional (2D) cuts (xy plane) obtained after DOS integration, at 1Å from the Ru(0001) surface (i.e., in between the graphene layer and the Ru surface). From Fig. 2(b) (left-hand column) it can be seen that if the DOS integration energy range includes a LDOS spectrum peak, a high electronic density is observed in the region right below the graphene ripple. On the contrary, accumulation of electronic density is barely seen if the integration energy range leaves out these LDOS peaks. To rule out that such an effect is due to the Ru surface reconstruction present on this system (see Fig. 1 Fig. 2(b) , right-hand column]. The latter system does not exhibit localization of the electron density.
In Fig. 2(c) , we compare the full spatial maps of the measured differential conductivity dI/dV with the integrated DOS shown in the lower left-hand panels of Fig. 2(b) at a similar bias voltage. The agreement is very good: Theory reproduces localization of the electron density in the H areas as well as the smaller contrast between H and L areas that is observed at positive bias voltage with respect to negative bias voltage. This reinforces the previous analysis and suggests that localization of electron density below the ripples is due to the formation of quantum dots. Less elaborate theoretical models 43, 44 have also described spatial modulations of the electronic density of the graphene layer, but suggest 44 that localized states, if any, should only appear well below the Fermi level (∼−3.5 eV). Here we show that the localized states are clearly visible near the Fermi level, both below and above it.
To further check that the peaks observed in the H areas are indeed due to the presence of localized states, we have applied the stabilization method of Mandelshtam et al. 45, 46 to a 1 × 1 unit-cell system formed by a layer of strained graphene lying pseudomorphically on n layers of Ru. Two values of the graphene-Ru(0001) distance, corresponding to those found in the H and L areas of corrugated graphene, have been used (H and L models for short). The number of Ru layers has been varied from n = 3 to 45 and the k sampling is 15 × 15 × 1. In the H model, the density of resonant states (DORS) calculated in the K point unambiguously shows the existence of localized states at around −0.6 and +0.6 eV. In contrast, no such states are observed in the L model (see the Supplemental Material for more details 33 ). The small peak observed in the experimental spectra just below the Fermi level cannot be resolved in the full 11 × 11 calculations because these are performed with a too small number of k values and Ru layers. This small peak is also not seen in the DORS resulting from the H model. It is worth noticing that the integrated LDOSs shown in Fig. 2(b) for the 11 × 11 model resembles those of quantum dots described by a truncated triangular potential. 47 We have checked that this shape remains qualitatively the same when seven layers of Ru instead of five are used in the full 11 × 11 calculation.
In summary, the present results show that the peaks observed in STS near the Fermi level are due to the existence of localized electronic states in the high areas of the G/Ru moiré. This accumulation of electron density is due to electron doping from the Ru substrate in the H areas of the moiré. We now turn our attention to the unoccupied states probed at high bias voltages. STS experimental spectra [ Fig. 3(b) ] show an increase in dI/dV above 2.5 V for both H and L moiré areas, the increase being sharper for the L area. This experimental behavior is well reproduced by the theoretical LDOS at the same moiré areas and d = 7.43Å [ Fig. 3(a) ].
An analysis of the electronic density distribution [ Fig. 3(c) ] obtained from integration of the DOS in the region where the LDOS exhibits its pronounced maximum (2.75-3.20 eV) shows that the origin of such a maximum is the protrusion of the electronic charge density outside the graphene layer exclusively in the L area of the moiré. We have identified the bottom of this interface band at the point by a detailed analysis of the individual eigenstates: E − E F = 2.85 eV.
This interfacial state, resulting from the hybridization of an unoccupied Ru(0001) surface resonance with the first image state component localized in the low areas of the moiré, was suggested 26 to be responsible for the inversion of contrast observed in G/Ru(0001) STM experiments at a bias voltage V s ∼ +2.6 V. To check this prediction and the accuracy of the present calculations, we have evaluated the apparent corrugation versus the applied bias voltage from V s = 0 V up to V s = +3.5 V. Figure 4 shows simulated STM images for two different integration ranges of the LDOS, corresponding to V s = +1.0 V (left) and V s = +3.5 V (right). The calculations reproduce the inversion of contrast observed in the experiments. 26 For completeness, the inset in Fig. 4 shows the variation of the apparent corrugation in the voltage range V s = +1.0-3.5 eV. As can be seen, the theoretical results show negative apparent corrugation for voltage above the bottom of the interface band.
In summary, a realistic model for epitaxial monolayer graphene on Ru(0001) has allowed us to shed light on two controversial aspects regarding its electronic structure. We have shown that both the peaks appearing in STS spectra close to the Fermi level and the inversion of contrast observed in STM experiments are the result of the periodic modulation in the electronic properties induced by the formation of the moiré. The peaks observed close to the Fermi level in STS spectra recorded in the high regions of the moiré are due to the existence of localized electronic states in this region. At higher energies, the formation of an interface band strongly localized in the low regions of the moiré is responsible for the inversion of contrast observed in the STM topographies. Qualitatively speaking, the existence of localized states near the Fermi level is due to the opening of the graphene Dirac cone resulting from the interaction of graphene with the metal substrate. Thus, it is unlikely that such states are observed when the graphene-substrate interaction is weak, i.e., when graphene is barely corrugated. This is the reason why, in extended G/Ir(111), which is barely corrugated, localized electronic states are not seen. In the latter system, localized states can only be formed by building nanometer-size graphene islands on distant regions of the Ir substrate. [48] [49] [50] Recently, we became aware of results from a quite different experimental approach that also suggest the existence of quantum dots below the G/Ru ripples close to the Fermi level. 51 
